A finding of reduced aortic-valve leaflet motion was noted on computed tomography (CT) in a patient who had a stroke after transcatheter aortic-valve replacement (TAVR) during an ongoing clinical trial. This finding raised a concern about possible subclinical leaflet thrombosis and prompted further investigation.
n engl j med 373;21 nejm.org November 19, 2015
2016
T h e ne w e ngl a nd jou r na l o f m e dicine T ranscatheter aortic-valve replacement (TAVR) is a recent innovation in the management of aortic stenosis. The efficacy and safety of this therapeutic intervention have been studied in several randomized clinical trials. [1] [2] [3] [4] [5] [6] The Portico Re-sheathable Transcatheter Aortic Valve System U.S. Investigational Device Exemption (PORTICO IDE) study is an ongoing, prospective clinical trial to evaluate TAVR with either a Portico valve (St. Jude Medical) or a commercially available valve.
As specified in the PORTICO IDE protocol, computed tomography (CT) was performed in a subgroup of patients to assess the stent frame of the implanted valve. A finding of reduced leaflet motion on CT in a patient who had had a stroke after TAVR and similar findings in an asymptomatic patient at one clinical site led to closer scrutiny of this observation. Additional CT review by the core laboratory revealed that this finding was not isolated, which prompted a more extensive investigation that involved analysis of all available CT and echocardiographic data.
These events also led to the establishment of two physician-initiated registries to evaluate bioprosthetic leaflet function after TAVR or surgical aortic-valve replacement: the Assessment of Transcatheter and Surgical Aortic Bioprosthetic Valve Thrombosis and Its Treatment with Anticoagulation (RESOLVE) registry and the Subclinical Aortic Valve Bioprosthesis Thrombosis Assessed with Four-Dimensional Computed Tomography (SAVORY) registry. We report the findings of these investigations from the randomized, controlled PORTICO IDE study as well as from the two registries. The major objective of our analyses was to examine the prevalence of reduced leaflet motion in bioprosthetic aortic valves, as assessed on four-dimensional, volumerendered CT; the association between reduced leaflet motion and strokes and transient ischemic attacks (TIAs); and the influence of anticoagulation on reduced leaflet motion.
Me thods

Study Populations, Funding, and Oversight
This study was conducted in patients who were enrolled in the PORTICO IDE randomized trial and in the RESOLVE and SAVORY registries. The PORTICO IDE trial, which is sponsored by St. Jude Medical, has a target enrollment of 1206 patients. The trial protocol is available with the full text of this article at NEJM.org.
The RESOLVE and SAVORY registries are also ongoing. RESOLVE is a single-center registry study that is being conducted at Cedars-Sinai Medical Center in Los Angeles and that includes patients with previously implanted valves (retrospective enrollment) with a target enrollment of 200 patients; it is funded by the Cedars-Sinai Heart Institute. SAVORY is a single-center registry study that is being conducted at Rigshospitalet in Copenhagen and that includes patients with newly implanted valves (prospective enrollment) with a target enrollment of 75 patients; it is funded by St. Jude Medical.
For the PORTICO IDE trial, the sponsor contributed to the study design, supervised data collection and analysis, and reviewed the manuscript to verify the accuracy of data with respect to the PORTICO IDE patients. For the two registries, study design and data collection were conducted by the respective institutions. For the trial and the two registries, approval by the institutional review board at each participating site was obtained before study initiation, and all patients provided written informed consent. The coprincipal investigators had unrestricted access to the data from all three data sets for the purpose of this analysis. They also made the decision to submit the manuscript for publication, prepared all drafts of the manuscript, and attest to the completeness and accuracy of the reported data and for the fidelity of the study to the protocol.
CT Imaging and Evaluation
In the PORTICO IDE trial, all the patients underwent CT 30 days after TAVR on the basis of the routine imaging protocol at each study site. In the RESOLVE and SAVORY registries, all the patients underwent CT at varying intervals after either TAVR or surgical aortic-valve replacement (median interval, 87 days; range, 7 to 1851). All CT scans were obtained with a dedicated fourdimensional, volume-rendered CT-acquisition protocol, as mandated at each site. Details with respect to the CT imaging protocol and image processing are provided in the Supplementary Appendix, available at NEJM.org.
Blinded analysis of CT data from the PORTICO IDE trial and the registries was performed by a dedicated CT core laboratory at Cedars-Sinai Heart Institute, with quantitative assessment of leaflet motion with a volume-rendered en face image of the aortic-valve prosthesis at maximal leaflet opening. Leaflet motion was defined as normal, mildly reduced (<50% reduction), moderately reduced (50 to 70% reduction), severely reduced (>70% reduction), or immobile (lack of motion in at least one valve leaflet). Validation of leaflet-motion assessments is described in the Supplementary Appendix. For the purposes of analysis, leaflet motion was considered to be reduced if it was moderately reduced, severely reduced, or immobile.
Transthoracic and Transesophageal Echocardiography
For all patients, transthoracic echocardiography was performed at baseline and at the time that CT was performed. Valvular hemodynamics, stroke volume, and ejection fraction were reported according to the guidelines of the American Society of Echocardiography. [7] [8] [9] For the PORTICO IDE and SAVORY cohorts, transesophageal echocardiography was performed in a subgroup of patients to compare and validate the CT findings of reduced leaflet mobility and to further describe the mechanism and cause of these leaflet-motion abnormalities. All echocardiographic results in the PORTICO IDE trial were analyzed by a single investigator in the echocardiography core laboratory at MedStar Health Research Institute in Washington, D.C.
Clinical Outcomes
All the patients, in both the PORTICO IDE trial and the registries, who had a neurologic event were evaluated by a neurologist and underwent neuroimaging. In the PORTICO IDE trial, an independent clinical-events committee adjudicated all end-point events; cases of stroke or death were included in this analysis. We investigated the associations between reduced leaflet motion (as identified on CT) and various baseline, procedural, and follow-up data, including neurologic events. At the time that the index CT was performed, we collected data on antithrombotic strategies to assess their effect on the prevalence of reduced leaflet motion. In patients with reduced leaflet motion who underwent a repeat CT scan, we collected data on the use of antithrombotic medications to study their effect on the resolution of reduced leaflet motion.
Statistical Analysis
We calculated means ±SD to summarize continuous variables and frequencies and percentages to summarize categorical variables. For the comparison between patients with normal leaflet motion and those with reduced leaflet motion, we used the two-sample t-test for normally distributed continuous data or the Wilcoxon ranksum test for nonnormally distributed continuous data. We used the chi-square test or Fisher's exact test to compare categorical variables. A two-sided P value of less than 0.05 was considered to indicate statistical significance. Statistical analyses were performed with the use of SAS software, version 9.3.
R esult s
Reduced Aortic-Valve Leaflet Motion
PORTICO IDE Cohort
Of the 88 patients in the TAVR group in the PORTICO IDE trial, 65 underwent cardiac CT, which was conducted with contrast material in 59 patients and without contrast material in 6 patients. Of these patients, 55 who had usable contrast CT scans were included in the analysis (median interval between TAVR and CT, 32 days; interquartile range 28 to 37) ( Fig. 1 ). Baseline clinical, CT, and echocardiographic characteristics are summarized in Table 1 , and in Table S1 in the Supplementary Appendix.
Reduced aortic-valve leaflet motion was present in 22 of 55 patients (40%), including 16 of 37 (43%) with Portico valves, 6 of 14 (43%) with Sapien XT valves (Edwards Lifesciences), and 0 of 4 patients with CoreValve valves (Medtronic). One leaflet was affected in 15 patients, two leaflets in 6 patients, and three leaflets (one immobile leaflet and two leaflets with severely reduced motion) in 1 patient. All the patients with reduced leaflet motion on four-dimensional, volumerendered CT had hypoattenuating opacities noted in the corresponding leaflets on two-dimensional CT, primarily at the base of the valve leaflets ( Transesophageal echocardiography was performed at a median of 9 days after CT in 10 of 22 patients with reduced leaflet motion (including patients with Portico and Sapien XT valves). There was 100% concordance in the assessment of leaflet motion between the two imaging methods. The findings on transesophageal echocardiography were consistent with a hyperechogenic, homogeneous mass located on the aortic aspect of the prosthetic leaflets that prevented normal leaflet excursion (Fig. S2 in the Supplementary Appendix and videos). There was no significant difference between patients with reduced leaflet motion and those with normal leaflet motion with respect to the mean aortic-valve gradient. This observation was consistent at the time of hospital discharge in 50 patients (aortic-valve gradient, 9.1±4.5 mm Hg and 9.5±4.2 mm Hg, respectively; P = 0.50), at 30 days in 50 patients (aortic-valve gradient, 10.5±4.3 mm Hg and 9.0±4.9 mm Hg, respectively; P = 0.10), and at 6 months in 28 patients (aortic-valve gradient, 9.6±6.0 mm Hg and 9.5±4.2 mm Hg, respectively; P = 0.85) ( CT denotes computed tomography, DAPT dual antiplatelet therapy, and NOAC novel oral anticoagulant. anticoagulation, P = 0.007). Reduced leaflet motion was also less prevalent among patients receiving therapeutic anticoagulation than among those receiving dual antiplatelet therapy (0 of 8 patients and 11 of 20 patients [55%], respectively; P = 0.01) ( Table S2 in the Supplementary Appendix).
Pooled RESOLVE and SAVORY Cohorts
The pooled registry data set included 132 patients -70 from the RESOLVE registry and 62 from the SAVORY registry -who had CT data that could be interpreted (out of 71 and 67 CT scans, respectively) ( Fig. 1) . Scanning was performed a mean of 30±10 days after the procedure 
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T h e ne w e ngl a nd jou r na l o f m e dicine in 42 patients (32%) and within 3 months in 73 patients (55%). These patients underwent implantation of 105 transcatheter valves and 27 surgical valves. Baseline clinical, CT, and echocardiographic characteristics are summarized in Table 2 , and in Table S3 in the Supplementary Appendix. Reduced leaflet motion was observed in 17 of 132 patients (13%), including 15 of 105 with transcatheter valves (14%) and 2 of 27 with surgical valves (7%). Details with respect to valve type and frequency of reduced leaflet motion for each type are provided in Table S4 in the Supplementary Appendix. There was no significant difference in the interval between the valve implantation and the performance of CT among patients with reduced leaflet motion and those with normal leaflet motion (228±459 days and 189±293 days, respectively; P = 0.67). The antithrombotic regimens at the time of CT are provided in Table  S2 in the Supplementary Appendix. Therapeutic anticoagulation with warfarin was associated with significantly lower rates of reduced leaflet motion than was dual antiplatelet therapy (0 of 13 patients and 10 of 35 patients [29%], respectively; P = 0.04).
Natural History of Reduced Leaflet Motion
Among patients with reduced leaflet motion, follow-up CT was performed in 12 of 22 patients in the PORTICO IDE study (median interval between index and follow-up CT, 183 days) and in 9 of 17 patients in the registries (median interval, 169 days) (Fig. 1) . The decision as to whether to administer anticoagulants to patients with reduced leaflet motion was left to the treating physician and was influenced by the bleeding risk and the uncertain clinical significance of this finding. Among the 21 patients in the PORTICO IDE study and the pooled registries who underwent follow-up CT, normal leaflet motion recovered in all 11 patients who started or continued to receive therapeutic anticoagulation but persisted in 9 of 10 patients who did not receive anticoagulation (P<0.001) (Fig. S4 in the Supplementary Appendix and videos). One patient who was taking aspirin had resolution of reduced leaflet motion on follow-up CT at 303 days. In 1 patient with reduced leaflet motion, CT that was performed 3 months after the discontinuation of warfarin revealed normal motion of the previously involved leaflet but reduced motion in a different leaflet (Fig. S5 in the Supplementary Appendix). Another patient with a surgical valve who had initially been excluded from the RESOLVE registry on the basis of an inconclusive 30-day CT scan was noted to have reduced motion of the surgical-valve leaflet on follow-up CT at 3 months. 
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Clinical Outcomes
Clinical outcomes are shown in Table 3 . There were no significant between-group differences in clinical outcomes in the PORTICO IDE trial. In the pooled RESOLVE and SAVORY cohorts, patients with reduced leaflet motion in the registries had a higher incidence of stroke or TIA than did those with normal leaflet motion (3 of 17 patients [18%] vs. 1 of 115 patients [1%], P = 0.007), although the total number of events was extremely small.
Discussion
In this study, reduced aortic-valve leaflet motion, as identified on four-dimensional, volume-rendered CT, was observed in patients after TAVR or surgical aortic-valve replacement with a bioprosthetic valve. We made several observations with regard to the phenomenon of reduced leaflet motion: it appeared to be hemodynamically subclinical at the time of detection, with normal aortic-valve gradients on echocardiography; it occurred in multiple prosthesis types; it was detected on CT or transesophageal echocardiography but was missed on transthoracic echocardiography; and it had a lower prevalence among patients receiving therapeutic anticoagulation than among those receiving subtherapeutic or no anticoagulation. These findings, along with hypoattenuating opacities in the corresponding leaflets on two-dimensional CT, suggest that the † One patient with normal leaflet motion died 111 days after valve implantation from congestive heart failure. Of the two deaths among patients with reduced leaflet motion, one was the result of a myocardial infarction 147 days after valve implantation and the other was the result of pneumonia 249 days after valve implantation. ‡ The myocardial infarction occurred 1 day after valve implantation and 27 days before computed tomography (CT) in the group with normal leaflet motion and 147 days after valve implantation and 114 days after CT in the group with reduced leaflet motion. § In the two patients with stroke, the event occurred 6 hours after TAVR (with CT performed 1 day after TAVR) in one patient and 1 day after TAVR (with CT performed 28 days after TAVR) in the second patient. The first patient had multiple risk factors for stroke, including atrial fibrillation and substantial spontaneous echo contrast in the left atrium on echocardiography during TAVR. ¶ In the group with normal leaflet motion, one patient had a stroke 1 day after TAVR (with CT performed 35 days after TAVR). In the group with reduced leaflet motion, three patients had transient ischemic attacks: one that occurred 15 days after TAVR (with CT performed 39 days after TAVR), a second that occurred 239 days after TAVR (with CT performed 24 days after TAVR), and a third that occurred 147 days after TAVR (with CT performed 32 days after TAVR). reduced leaflet motion that we observed could be associated with subclinical leaflet thrombosis. However, our study is limited by the absence of pathological confirmation, so the interpretation of reduced leaflet motion as thrombosis is based only on the imaging characteristics and its resolution with anticoagulation. Symptomatic transcatheter aortic-valve thrombosis is rare (occurring in <1% of cases). [10] [11] [12] [13] [14] Only five cases of subclinical leaflet thrombosis in transcatheter aortic valves have been reported. 15, 16 On the presumption that our finding of reduced leaflet motion does represent subclinical thrombosis, our study does not permit any precise estimate of the frequency with which the problem occurs, since we evaluated only a small number of patients and the timing and repetition of imaging were not systematic. However, the fact that reduced leaflet motion was found fairly frequently in three small cohorts suggests that the phenomenon is not uncommon.
Our study also shows that although transthoracic echocardiography may rule out valve stenosis or incompetence, it has limited usefulness in the detection of the subclinical form of reduced leaflet motion reported here, owing to inadequate visualization within the valve stent frame and normal aortic-valve gradients. The lack of elevated aortic-valve gradients despite reduced leaflet motion, a seemingly paradoxical observation, was validated with benchtop hydrodynamic testing in a pulse duplicator model (for details, see the Supplementary Appendix). In this model, the forced closure of one leaflet (and occasionally, even two leaflets) of a transcatheter aortic valve was associated with only a minor increase in the transvalvular gradient, which in clinical practice might be considered to be the upper limit of the normal range for bioprosthetic valves (Table S5 and Fig. S6 in the Supplementary Appendix).
Reduced leaflet motion was more prevalent among patients who were receiving subtherapeutic or no anticoagulation than among those receiving therapeutic anticoagulation at the time of the index CT after TAVR. Furthermore, therapeutic anticoagulation was associated with resolution of the hypodense areas overlying the leaflets, with restoration of normal leaflet motion (in all 11 patients), whereas reduced leaflet motion persisted in the majority of patients who were not receiving anticoagulation (in 9 of 10 patients). These observations suggest that the observed reduced leaflet motion is due to thrombosis. Normalization of leaflet motion with anticoagulation also suggests that thrombus formation is the primary event leading to reduced leaflet motion rather than reduced leaflet motion leading to the formation of an overlying thrombus.
The finding that patients with reduced leaflet motion in the registries had a higher incidence of strokes or TIAs than did those with normal leaflet motion is preliminary and inconclusive. Overall, only six neurologic events were observed (two strokes in the PORTICO IDE study and one stroke and three TIAs in the registries), and all strokes occurred within 1 day after the TAVR procedure and before four-dimensional CT was performed. It is more likely that these first-day strokes were related to the procedural aspects of TAVR rather than to leaflet thrombosis. The cause of strokes or TIAs after TAVR is multifactorial and includes embolization of both thrombotic and nonthrombotic material from aortic, left ventricular, or native-valve instrumentation and new or preexisting atrial fibrillation, in addition to thromboembolism from bioprosthetic leaflets. Nonetheless, our findings raise the concern that patients undergoing TAVR or surgical aortic-valve replacement with a bioprosthetic valve could be at greater risk for leaflet thrombosis and consequent embolic stroke than has previously been recognized. Further and more systematic study of this phenomenon to clarify the mechanism and assess the clinical consequences seems desirable.
In conclusion, reduced aortic-valve leaflet motion occurred in patients with bioprosthetic aortic valves and was easily detected noninvasively by four-dimensional, volume-rendered CT. Therapeutic anticoagulation with warfarin, but not therapy with antiplatelet drugs, prevented and effectively treated this phenomenon. Better characterization of this observation is needed to determine its frequency and evaluate its clinical effect.
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